, drug addiction 8 and psychiatric disorders 9, 10 . The primary benefit of using zebrafish to study human disease, compared with mammalian models, is the economy in which very large-scale experiments can be performed. For example, our recent work quantifying the number of leukemia-initiating cells in zebrafish T-cell acute lymphoblastic leukemia (T-ALL) required nearly 1,500 transplant animals 11 . For most researchers, such largescale transplantation experiments are simply not economically feasible in rodent models.
Although experimental systems are beginning to take advantage of the high-throughput nature of zebrafish, imaging technologies to visualize adult zebrafish are lagging. Much like the mouse, zebrafish are imaged individually. Commonly, zebrafish are examined stereomicroscopically, or by using confocal or multiphoton microscopy. More sophisticated imaging techniques are also beginning to be used with the fish, including microcomputerized axial tomography 12 , magnetic resonance imaging 13 and high-frequency ultrasound 14 . The major benefits of most of these imaging techniques are the very high resolution that can be obtained and compatibility with fluorescent markers. However, in large-scale fish experiments, detail in imaging is not often a priority. In addition, image acquisition and processing using the above techniques can be labor intensive and time consuming, the associated costs can be high and the necessary imaging equipment may not be available at all institutions.
We have recently developed a LED fluorescence macroscope to address the current limitations in high-throughput zebrafish imaging 11 . The macroscope can image up to 30 adult zebrafish at once, and is capable of distinguishing five fluorescent proteins: AmCyan, GFP, zsYellow, dsRed and mCherry. It can be equipped with four to six different LED lights (405-to 420-nm black light, 420-to 470-nm blue light, 500-to 570-nm green light and incandescent) and a selection of two or three optical filters, meaning that zebrafish can be imaged in multiple fluorescent channels simultaneously. In addition, imaging with the macroscope does not require that fish be anesthetized; hence, live videos can be captured of fluorescently labeled swimming animals. The macroscope was previously used to screen transgenic zebrafish that expressed a fluorescent protein in the muscle, with an accuracy rate of > 99% (140 of 141 transgenic fish detected) 11 . The macroscope was also used to screen for engraftment of leukemias that expressed AmCyan, GFP, zsYellow or dsRed. When 1.5 × 10 4 tumor cells were transplanted, 100% of tumor-bearing fish were detected by the macroscope for all four fluorophores within 20 d after transplant. Solid tumor transplants were also reliably detected by the macroscope. Finally, the macroscope has been used to rapidly and accurately screen for engraftment of leukemia in zebrafish that had been transplanted with single tumor cells 11 . To the best of our knowledge, the LED fluorescence macroscope is the first imaging technology available that facilitates high-throughput imaging of fluorescently labeled fish, and is also the first technique capable of imaging live, swimming zebrafish in multiple fluorescent channels.
Aside from its use in screening transgenic fish and those transplanted with fluorescently labeled tumor cells, the LED fluorescence macroscope can also distinguish adult zebrafish that have been tagged with fluorescent elastomers. An elastomer is a polymer compound commonly used to tag commercial fish stocks, but had not yet been used in zebrafish. In commercial fish species, animals are distinguished on the basis of the site of elastomer injection, combinations of color tags and numbers of tagging spots per animal 15, 16 . Zebrafish can also be tagged with fluorescent elastomers (see Step 5A in the PROCEDURE) and the macroscope can be used to identify and track tagged individual animals over time. Although exclusively used in fish for tagging purposes, elastomers have a history as a drug delivery vehicle in mammalian models 17 , making these reagents of potential benefit for assessing the effects of drugs on various disease processes in zebrafish. In addition, the LED fluorescence macroscope may also be used to track behaviors in adult zebrafish. Live videos can be made of unanesthetized, swimming fish, which either transgenically express a fluorescent protein or are tagged with a fluorescent elastomer. Because the macroscope is capable of multispectral imaging, multiple fish can be labeled with different colored fluorescent tags, and behaviors of several individuals can be simultaneously monitored.
However, the macroscope has several important limitations that must be considered. For example, zebrafish are commonly used in cancer research for in vivo tracking of tumor cell invasion and angiogenesis; when built as described in this protocol, the macroscope is not capable of imaging fish with sufficient resolution to detect focal expression of fluorescent proteins, and is therefore not suitable for these types of experiments. In addition, when screening transgenic fish, any fluorescent protein expressed at low levels will not be detected by the Logitech Quickcam contained within the macroscope. Similarly, transgenic animals older than 45 d are large enough to be screened using the macroscope, whereas smaller larvae can be used only if the transgenic fluorescent protein is expressed highly enough. Some of these limitations may be overcome by using more specialized cameras; this protocol uses inexpensive cameras to keep the overall cost of the macroscope low.
In summary, the LED fluorescence macroscope fills an important gap in the imaging techniques currently available for zebrafish. This technology is capable of high-throughput imaging of fluorescently labeled adult fish, and it can image zebrafish in multiple fluorescent channels with or without anesthesia. Moreover, building the macroscope does not require special skills, and with a total cost for building supplies and software of less than $500, it is also ideal for use in the classroom as a teaching tool. This protocol describes how to build and use both an inverted and upright macroscope, and researchers can customize either macroscope by choosing the types of LED lights, emission filters and cameras that suit their specific needs.
Experimental design
In addition to the discussion above, there are several other points to be considered when building and using the LED fluorescence macroscope. First, there are important differences between the inverted and upright macroscope models. Because cameras are positioned under the imaging area, the inverted macroscope (Fig. 1a-c) is ideal for live imaging of unanesthetized fish that have been intraperitoneally injected with fluorescently labeled tumor cells or a fluorescent tag. In addition, the lights and cameras are contained within the body of the inverted macroscope; accordingly, a dedicated darkroom for imaging is not required. The upright macroscope (Fig. 1d-f ) does require a darkroom for optimal imaging, but it is watertight and much easier to construct and use than the inverted macroscope. Because the cameras are positioned immediately above the imaging area, the upright macroscope produces a brighter image than the inverted macroscope and thus can more readily detect fluorescent proteins that may be expressed at lower levels.
For both macroscope models, the number of lights and cameras can be adjusted depending on the experimental setup. For example, if GFP is the only fluorescent protein that will be detected, the macroscope can be built using only a black light and a camera equipped with a 535/45 filter. Additional cameras and lights can be easily added to both macroscopes as the experimental design changes. It is important to note that, in the macroscopes described in this protocol, only three different excitation lights were used in order to create a simple setup that can excite and detect five different fluorescent proteins. Although the excitation wavelengths described ( can be excited by wavelengths ranging from 320 to 470 nm. Using the black light, which emits between 405 and 420 nm, a 20% excitation of GFP can be achieved, meaning that GFP protein expression must be high in order to be detected. To customize the macroscope, researchers can choose lights that emit more closely to the optimum excitation wavelength for the desired fluorescent protein, which may allow fluorescence at lower levels to be detected. The macroscope can be used to detect fluorescence in a variety of experimental systems, provided the fluorophore is expressed highly enough. To acquire images of fluorescent zebrafish using the digital camera, it is crucial that a wild-type (non-fluorescent) fish be used to set the exposure, gain, brightness and color; this ensures that negative fish are not incorrectly scored as positive because of autofluorescence. In general, the light and filter combinations used to detect AmCyan and dsRED produce less autofluorescence than GFP or zsYellow; this should be taken into consideration when designing experiments that use the macroscope. 3| Connect cameras to the computer and position them within the macroscope to align correctly with the imaging areas, using option A for the inverted macroscope or option B for the upright macroscope. Dedicated cameras should be affixed with permanent filter sets; however, filters can be changed by creating a modified filter housing described in detail in supplementary Manual 1.
MaterIals

REAGENTS
(a) adjusting cameras on the inverted macroscope (i) For the inverted macroscope, camera housings can be built to facilitate movement of the camera by adjusting a wing nut and moving the camera as needed. (B) adjusting cameras on the upright macroscope (i) To adjust the camera in the upright macroscope, you should reposition the camera within drilled holes and secure the camera with a wing nut.  crItIcal step The camera lens should be covered when not in use.
4|
Fit the 25-mm filters into a 1-inch PVC tube (trimmed to ¼ inch) to hold them in place over the camera.  crItIcal step Optimized filter and light combinations for detecting various fluorescent proteins are shown in table 1, but they can be adjusted to meet specific needs. For example, a 535/45-nm filter can be used to image both GFP and zsYellow and a 610/40 nm can discriminate both dsRED and mCherry. In general, filters of 480/30 nm, 535/45 nm, and either 610/40 nm or 640/35 nm will meet the needs of most users, and they are available from a variety of suppliers. Factoryrejected filters with imperfections are suitable for most imaging applications and can be purchased online through the BJOMEJAG Ebuyer Store on Ebay.  crItIcal step Water, fingerprints and scratches can damage the filters. If filters remain in the macroscope, they must be covered when not in use to prevent dust accumulation and moisture damage.  crItIcal step Avoid contaminating the curing agent syringe with the fluorescent dye to prevent curing the elastomer in the syringe. (iii) Swirl with a pipette to mix, and centrifuge at 6,000g for 30 s at 25 °C. (iv) Use a new 1-ml syringe (without a needle) to transfer the elastomer from the 1.5-ml tube to a 1-ml syringe equipped with a 28-gauge needle.  crItIcal step The elastomer will solidify within 1 h; accordingly, prepare only enough for immediate application. (v) Anesthetize zebrafish by placing them in a 100 mm × 15 mm Petri dish containing 30 ml of zebrafish system water with 300 µl of 4 mg ml − 1 tricaine-S. Approximately 60 fish can be injected using the elastomer preparation outlined above, but fish should be anesthetized in groups of five to ensure that they are not killed as a result of prolonged exposure to tricaine. (vi) Inject 1-5 µl of elastomer into the peritoneum or tail muscle of the anesthetized zebrafish. Although not necessary, an epifluorescent dissecting microscope will aid in delivering the desired amount of elastomer to specific areas of interest on the fish. (vii) Visualize the elastomers using the LED fluorescent macroscope using a black light and various filter combinations (table 1) . Blue, green, yellow and red elastomers can be easily distinguished by various filter sets, whereas pink and orange elastomers are less easily discerned by macroscopic observation.
? trouBlesHootInG (viii) Monitor the zebrafish using the macroscope as desired. Elastomers are stably incorporated into the fish; they do not affect viability (n = 50) and remain visible using the macroscope for at least 3 months. 
rag2-fluorescent reporter). (vii)
The night before the injection, place three female zebrafish and two male zebrafish in separate compartments of a mating chamber. In the morning of the day of injection, remove the plastic divider to combine the male and female fish. After 20-30 min, collect eggs using a strainer and briefly store in a Petri dish containing zebrafish system water. (viii) Load the linearized DNA into the injection needle and adjust the pressure on the needle so that a volume of 500 pl is expelled. DNA volume size can be quantified by injecting into 50 µl of mineral oil on a stage micrometer. The resulting bubble of DNA should be ~100 µm in diameter, which is ~500 pl. (ix) Inject one-cell-stage embryos with the appropriate concentration of plasmid DNA for the zebrafish strain selected, noted in
Step 5B(vi), as previously described 23 . Inject DNA directly into the cell, and not into the yolk of the zebrafish egg. Store injected embryos at 28.5 °C, and remove dead embryos after 24 h. Transfer larval fish to tanks at 5 d of age and feed with paramecia. Add water flow at 14 d of life, coincident with feeding larval fish with brine shrimp. ? trouBlesHootInG (x) At day 21 post injection, larvae can be examined for fluorescence in the thymus with an epifluorescent dissection microscope. Approximately 5% of injected larvae will have fluorescent T-cells within the thymus, and 100% of these fish will go on to develop fluorescently labeled T-ALL 20 . Alternatively, fish can be screened using the macroscope ~45 d after injection ? trouBlesHootInG (iv) Monitor larvae in the tank for tumor growth in the tail, which will appear as a large mass in the muscle. Tumors will also be visible under the dissecting microscope by day 14 post injection, with ~20% of injected fish developing tumors 21 . The mylz2-fluorescent reporter transgenic fish will express the fluorescent protein in their muscle; because ERMS tumor cells express mylz2, they will also express the fluorescent reporter.
? trouBlesHootInG (D) transplantation of fluorescently labeled tumors into adult zebrafish • tIMInG 20 d
(i) At 2 d before transplant, irradiate wild-type strain zebrafish with 23-Gy total body irradiation using a Cesium-137 source.  crItIcal step Irradiation will only ablate the immune system for a maximum of 30 d. At this time, the immune system will recover and some transplanted tumors will regress. For long-term tumor transplants, consider using syngeneic zebrafish ( Step 5D(iv)), which are genetically identical and therefore do not require immune ablation to allow tumor growth 11, 19 . Use these settings to ensure that your filter sets are specific and are not detecting nonspecific background light.  crItIcal step Exposure, gain and brightness must be optimized by visualizing a fluorescently labeled animal and a negative control (e.g., a wild-type AB strain fish). Adjust the camera settings so that fluorescence in the positive animals is detected, and background in the wild-type fish is minimized.
? trouBlesHootInG (v) Capture the desired images or movies, which can be opened from the gallery window, then rename and save each one. (ii) Start AMCap software by clicking on the icon. Repeat to open a second window. (iii) Select 'Option' and then 'video capture filter' . In this window, there are three tabs. Select the 'Zoom/Face Tracking' icon to change the camera zoom. Set zoom to 180% if a 60-mm Petri dish is used. Turn the 'face tracking' feature off, and center the image using the positioning arrows. (iv) Select 'Device Settings' in the Video Capture window to adjust brightness, contrast and saturation settings, which control hue and color. It is easiest to capture images in a black-and-white setting and then change the color setting in Adobe Photoshop after the video is captured. (v) Select 'Advanced' in the Video Capture window to control the exposure and gain. Rather than alter the exposure setting, which influences the rate of capture of the video, it is better to alter the gain setting to digitally enhance the image or adjust brightness and contrast in 'Device Settings' .  crItIcal step Exposure rates should be the same on both cameras to ensure that the frame rate remains constant. 9| Click on each image layer followed by selecting 'Layer' → 'Layer Style' → 'Blending Options' . In this window, you can change the color of your images by selecting specific channels. For GFP, toggle only the G box; for dsRED/mCherry toggle the R box and for AmCyan the B box. This step ensures that colors are true and that images can be visualized simultaneously. For yellow, pseudocoloring is commonly used, wherein yellow is made to appear red by checking only the R box. Image frames can later be altered in Photoshop to correct for color. Alternatively, video imaging can be completed using the corrected colors in the AMCap software and merged by changing the opacity of the overlaying layer in the Blending Options window.
10|
To begin to align the video frames, add an adjustment layer by toggling 'Layer' → 'New Adjustment Layer' → 'Levels' . Once the new layer appears in the Layer window, click on the layer. Next, move the far right arrow toward the left in the adjustments window to enhance the image and allow all the fish in the Petri dish to be seen, as detected by low-level autofluorescence.
11|
To align the timing of the videos, click on the main tool bar icon 'Window' → 'Animation' to open the animation window. The 'Animation Timeframe' is now depicted in a bar below the image window. Move the blue triangle at the top of the time frame to 2 s (30 frames if the capture rate is 15 frames per second). Move the green time bars by clicking and holding the bars with the mouse. Images can be aligned by moving the bar to the left to ensure that the timing aligns between movie frames. Visualizing the same fish movements in both layers synchronizes the timing.
12|
To align the videos by position, click on one of the layers in the Layer window and then use the Move tool to grab and align one layer with the second.
13|
After aligning the movies with respect to both time and position, crop the image using the Rectangle Marquee tool. Select the area to crop and then go to 'Image' → 'Crop' .
14|
Return to the Layer Window and delete the Adjustment Layer created in Step 10.
15| Make any final adjustments for intensity by clicking on the layer and selecting 'Image' → 'Adjustments' → 'Levels' . Do not move the middle arrow/toggle, as this inaccurately changes the exposure or colors of the image.
16|
Go to 'File' → 'Export' → 'Render Video' . Change the name of the movie (i.e., Merged.mov). The frame rate reflects the rate at which images are captured in the AMCap software packages. Change frame rates as needed in the bottom box in this window.
17|
Open the video in QuickTime Player (Version 10.0). Choose 'Edit' → 'Trim' and move the Yellow bar to trim the movie to eliminate frames in which only single color frames are shown. Once image frames have been selected to be included in the final movie, select 'Trim' . Name the trimmed file by selecting 'File' → 'Save As' and rename the video accordingly. The final merged movie is now complete.
processing movies frames in adobe photoshop 18| To create Photoshop images that show individual frames of the movie created above, open the merged movie in Adobe Photoshop by selecting 'File' → 'Import' → 'Video Frames to Layers' . Select the .mov file to be opened.
19|
Each video frame can now be imaged in its own layer and made into a final figure by creating a new file and dragging in the images from layers of interest. Specifically, go to 'File' → 'New' and create an RGB 8-bit image that is large enough to accept several frames.
20|
Drag and drop layers into this new Photoshop file and save by using 'File' → 'Save As' . Recently added layers can be positioned in the new file by using the Move tool.
? trouBlesHootInG Troubleshooting advice can be found in table 3.
• tIMInG Steps 1-4, Building and setting up the macroscope: 1-2 d for inverted model, 0.5 d for upright model
Step 5A, Tagging adult zebrafish with elastomers: 1 h
Step 5B, Generating fluorescently labeled T-ALL cells: 2 d, plus 2 months for tumor growth
Step 5C, Generating fluorescently labeled RMS: 2 d, plus 1 month for tumor growth Step 5D, Transplanting tumors into wild-type fish: 3 d, plus 20 d for tumor growth
Step 5D, Transplanting tumors into syngeneic fish: 1-3 h, plus 20 d for tumor growth Steps 6-20, Macroscopic imaging of zebrafish: 10 min to several hours, depending on experimental design and the number of animals to be assayed
antIcIpateD results
The LED fluorescence macroscope described in this protocol provides the first high-throughput method to image adult fluorescent zebrafish. As shown in Figure 2 , the macroscope can discriminate between at least four fluorescent colors, including AmCyan, GFP, zsYellow and mCherry. Transgenic zebrafish expressing four different fluorescent proteins under the control of the muscle-specific promoter mylz2 can be easily distinguished using combinations of excitation lights and emission filters (table 1). As with most fluorescent imaging modalities, excitation lights and emission filters are often not specific for individual fluorescent proteins. For example, the black light and 545/35-nm filter used to detect GFP also detects AmCyan (Fig. 2b) .
Similarly, AmCyan and dsRED bleed into the zsYellow channel (Fig. 2c) , and zsYellow can be detected using the green light and 640/35-nm filter used to image mCherry (Fig. 2d) . Although light and filter sets detect overlapping fluorescence from multiple fluorescent proteins, one can easily distinguish individual animals expressing single fluorescent proteins when analyzed across numerous filter sets. The upright macroscope (Fig. 2e-h ) is built so that LED lights directly illuminate the animals from above, and therefore produces a brighter and clearer fluorescent image than inverted macroscope (Fig. 2a-d) . The inverted macroscope is also capable of live video imaging; shown is a single frame of a movie of live fluorescent transgenic zebrafish (Fig. 2m-p) . In general, the upright macroscope is easier to use and less expensive to build than the inverted macroscope; however, the inverted macroscope is ideal for live video imaging of fish with a peritoneal injection of tumor cells or fluorescent tags. The macroscope can also be equipped with two cameras and a combination of filter sets to simultaneously image fish in multiple fluorescent channels (table 2). As shown in Figure 3 , a single black light and two cameras equipped with either a 480/30-nm or a 535/45-nm emission filter were used for multispectral imaging of fish expressing mylz2-AmCyan and mylz2-GFP (Fig. 3a-c) , whereas a blue light and cameras equipped with 535/45-nm and 640/35-nm filters were used to simultaneously detect combinations of transgenic fish expressing mylz2-mCherry, mylz2-zsYellow and mylz2-GFP (Fig. 3d-l) . Further, in the examples of single light and filter combinations, it is important to note that there is some bleed-through of AmCyan and zsYellow into the GFP light and filter set (Fig. 3b,d) , and of zsYellow into the dsRED channel (Fig. 3k) . However, multispectral imaging clearly distinguishes the fluorescent proteins expressed by the transgenic fish.
Video capture software, such as AMCap, can also be used for live imaging of fluorescently labeled, swimming fish, using either a single emission filter or multispectral imaging. Live multispectral imaging is demonstrated in Figure 4 , in which black and blue lights, in combination with 640/35-nm and 535/45-nm filters, were used for simultaneous video capture of stable transgenic mylz2-AmCyan and mylz2-mCherry fish. Still images (Fig. 4a-l) show a video capture rate of ~60 ms, indicating that the LED fluorescent macroscope is suitable for imaging unanesthetized, swimming zebrafish (supplementary Movie 1).
Besides fish transgenically expressing a fluorescent protein, the macroscope can also detect fluorescent elastomers injected into the abdomen of the zebrafish. Elastomers are commonly used to tag marine fish for identification 16 , and have been used as a drug delivery vehicle in mammalian models 17 . As shown in Figure 5 , elastomer injection can also permanently mark zebrafish, and the macroscope can be used to accurately differentiate between fish tagged with blue, red, yellow and green fluorescent elastomers (Fig. 5a-d, table 1) . Because elastomers are brightly fluorescent, only a small quantity is necessary to tag the fish (Fig. 5e-g ). These experiments suggest that it is possible to use the macroscope in combination with fluorescent elastomer tags to track individual zebrafish in tanks containing large numbers of animals.
Zebrafish are also a useful model in cancer research. Fluorescently labeled tumors can be generated in fish by a variety of methods 24 and are readily transplanted into either syngeneic or immune-ablated adult zebrafish 5, 19 . The macroscope facilitates rapid screening of animals that bear fluorescently labeled tumors. For example, in Figure 6 , a blue light with a 535/45-nm filter can detect a fish bearing transplanted T-ALL cells that express zsYellow (Fig. 6a) , and is also capable of staging tumor progression (Fig. 6b) . A green light with a 640/35-nm filter can distinguish a fish transplanted with an mCherry-labeled ERMS cell from 30 non-tumor-bearing fish (Fig. 6c) . Although zsYellow and mCherry are the only fluorophores shown, tumors expressing AmCyan, GFP and dsRED can also be readily detected in transplanted animals 11 . In summary, the LED fluorescence macroscope is the only imaging technique currently available that is capable of taking still images or live video of up to 30 adult fluorescent zebrafish simultaneously and in multiple fluorescent channels. The macroscope is a new imaging technology that exploits the high-throughput nature of adult zebrafish research, and it will be useful in a variety of experimental systems, including imaging adult transgenic zebrafish, identifying tagged individuals for long-term analyses and rapid screening for tumor growth in transplanted animals.
